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Effectively continuous control over propaga-
tion of a beam of light requires light modulation
with pixelation that is smaller than the optical
wavelength. Here we propose a spatial intensity
modulator with sub-wavelength resolution in one
dimension. The metadevice combines recent ad-
vances in reconfigurable nanomembrane metama-
terials and coherent all-optical control of meta-
surfaces. It uses nanomechanical actuation of
metasurface absorber strips placed near a mir-
ror in order to control their interaction with light
from perfect absorption to negligible loss, promis-
ing a path towards dynamic beam diffraction,
light focusing and holography without unwanted
diffraction artefacts.
Spatial control over the intensity of light is the basis
of optical components such as diffraction gratings, Fres-
nel zone plates and amplitude holograms. Dynamic spa-
tial control over light intensity can — in principle —
provide their functionalities on demand, however, estab-
lished spatial light modulators based on liquid crystal or
digital micromirror technology suffer from low resolution
and unwanted diffraction due to their pixelation on the
order of 10 µm [1–3]. Sub-wavelength resolution would
be required to avoid unwanted diffraction and to achieve
truly arbitrary and effectively continuous spatial control
over the intensity of light. The required sub-wavelength
scale structuring is a defining characteristic of metamate-
rials and metasurfaces and leads to locally homogeneous
optical properties. Static spatial variation of metamate-
rial structures has given rise to the fields of transforma-
tion optics [4–7] and gradient metasurfaces [8–15], while
emerging technologies based on phase transitions [16, 17],
nonlinearities [18, 19], coherent light-matter interactions
[20–23] and nanomechanical actuation [24–33] now en-
able the temporal modulation of metamaterial properties
[34].
Here we propose a metadevice that controls coherent
absorption of light by selective actuation of metamaterial
nanostructures to provide arbitrary dynamic control over
its reflectivity with sub-wavelength spatial resolution in
one dimension, see Fig. 1a.
Absorbtion of light in a planar absorber of sub-
wavelength thickness is limited to 50%, if it is illuminated
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FIG. 1: Intensity modulation based on coherent meta-
surface absorption. (a) Artistic impression of a spatial in-
tensity modulator based on selective actuation of metastrips
above a grounded metallic mirror (GND), where Vi indicate
metastrip actuation voltages. (b) Incident Ei and reflected
Er electromagnetic waves form a standing wave (grey). The
largest absorption occurs for metastrips placed at an electric
field anti-node, while negligible absorption occurs for metas-
trips positioned at an electric field node. (c) Multiple reflec-
tions at a metasurface with reflection coefficient r and trans-
mission coefficient t placed at a distance d in front of a mirror
with reflection coefficient m.
from only one side [35]. However, if it is placed within
a standing wave formed by counterpropagating coherent
waves, then absorption will depend on its position rela-
tive to the standing wave’s nodes and anti-nodes. At an
electric field node, the planar structure cannot interact
with the wave and therefore absorption is nominally zero,
while absorption at an electric field anti-node can in prin-
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2ciple reach 100% (ref. 20). Projection of images onto a
metasurface absorber with coherent light has enabled all-
optical control of light absorption with diffraction-limited
resolution [23], however, this approach cannot beat the
diffraction limit and it requires a stable interferometer
as well as coherent light. Instead, we propose a me-
chanically reconfigurable nanoscale version of a Salisbury
screen [36–39], where individually addressable absorbing
metamaterial strips are placed at a variable nanoscale
distance from a mirror in order to exploit coherent per-
fect absorption and transparency on demand. As illus-
trated by Fig. 1, the incident light and multiple reflec-
tions by mirror and metasurface form a standing wave,
without a macroscopic interferometer and even for inco-
herent illumination provided that the coherence length
is large compared to the metasurface-to-mirror spacing
d (measured from the middle of the metasurface to the
mirror surface). Furthermore, the spatial resolution of
the metadevice will be determined by the pitch of the
metamaterial strip actuators, i.e. it will be controlled by
nanofabrication technology, rather than the diffraction
limit. Thermal, electric, magnetic and optical actua-
tion of such metamaterial strips [28–31] as well as actua-
tion of similar optomechanical nanostructures [40–43] has
been reported. Recently, selective actuation of individ-
ual metamaterial strips has been demonstrated [44] and
suggested as a method for spatial phase modulation [45].
Structures for the optical part of the spectrum are typi-
cally based on a dielectric membrane of nanoscale thick-
ness (e.g. silicon nitride) which is coated by a plasmonic
material (e.g. gold) or a high index dielectric (e.g. sil-
icon), which is then structured by reactive ion etching
and focused ion beam milling to create the metamaterial
pattern and strip actuators with or without the original
dielectric layer [46].
Results and Discussion
The metadevice considered here consists of a recon-
figurable metasurface in front of a metallic mirror, see
Fig. 1a. The metasurface is composed of parallel gold
strips of 400 nm width and 50 nm thickness that are sep-
arated by 100 nm gaps and perforated with asymmetri-
cally split ring apertures, see Fig. 2. A unit cell size of
500 nm was chosen to enable non-diffracting operation
in the red to infrared spectral range where gold is highly
reflective. Asymmetrically split ring apertures were cho-
sen as they are well-studied [47] and known to provide
coherent perfect absorption [20]. The size of the split
rings was determined by the available space on the gold
strips prescribing a minimum feature size of 50 nm that
can be routinely achieved with both focused ion beam
milling and electron beam lithography. The optical prop-
erties of metasurface and metadevice were simulated for
normal incidence illumination by a coherent plane wave
using finite element modelling (COMSOL Multiphysics
4.4) in three dimensions, approximating the device with
FIG. 2: The metamaterial and its resonances. (a) Re-
flection, transmission and absorption of the flat metasurface
without mirror. (b) Schematic of the unit cell. (c) Modes of
excitation at the absorption maxima in terms of the instanta-
neous magnetic field Hz 10 nm above the gold surface relative
to the incident wave’s magnetic field amplitude |H0|.
metastrips that have prescribed displacements and in-
finite length. We consider linearly polarised light with
the electric field parallel to the strips in all cases to avoid
the excitation of metal-insulator-metal waveguide modes.
The electric permittivity of gold is computed from a
Drude-Lorentz model with 3 oscillators [48]. Fig. 2a illus-
trates the optical properties of the flat metasurface with-
out the backing mirror. The split ring aperture array has
rich transmission, reflection and absorption spectra with
several resonances corresponding to the fundamental and
higher order modes of the split ring slits, see Fig. 2c.
The optical properties of the structure change dramat-
ically when it is combined with a mirror. For an optically
thick mirror, transmission is zero and reflectivity R and
absorption A are given by the superposition of the waves
that are multiply reflected by mirror and metasurface as
illustrated by Fig. 1c. Neglecting near-field effects,
A = 1−R = 1−
∣∣∣∣r + e−i2αmt21− e−i2αmr
∣∣∣∣2 (1)
where r and t are the complex Fresnel reflection and
transmission coefficients of the flat metasurface, m is
the reflection coefficient of the mirror and α = 2pid/λ
3FIG. 3: Dependence of absorption on the metasurface-to-mirror spacing d at wavelengths of (I) 615 nm, (II) 785 nm,
(III) 930 nm and (IV) 1600 nm. Colour maps show the instantaneous magnetic field Hz 10 nm above the gold surface relative
to the incident wave’s magnetic field amplitude |H0| for absorption maxima and minima.
FIG. 4: Dependence of absorption on metasurface-to-mirror spacing d and wavelength λ based on (a) numerical
modelling of the entire metadevice and (b) the semi-analytical model given by equation (1). (c-e) Dependence of absorption
on the metasurface scattering coefficient r for metasurface-to-mirror distances (c) d = λ/4, (d) λ/2 and (e) an intermediate
spacing of λ/8 based on the analytical model given by equation (2).
4is the phase accumulated during propagation of the wave
of wavelength λ from metasurface to mirror.
Assuming an ideal mirror (m = −1), the metadevice
absorption is that of the metasurface. In this case, the
electric field at the metasurface position — which con-
trols absorption — corresponds to the superposition of
the incident wave with the wave that is transmitted by
the metasurface and then multiply reflected between mir-
ror and metasurface. The metasurface absorption A is
proportional to the square of the resulting electric field
enhancement. For an ideal planar metasurface (t = r+1),
A =
1− cos 2α
|1 + e−i2αr|2 2A0 (2)
where A0 = 1−|r|2−|r+1|2 is the metasurface absorption
without the mirror. Notably, this analytical model pre-
dicts that absorption vanishes completely due to electric
field cancellation at the metasurface when α is a multi-
ple of pi, i.e. when the metasurface-to-mirror spacing d
becomes a multiple of λ/2.
As illustrated by Fig. 3, this behaviour is confirmed
by numerical simulations. Absorption of the metadevice
is strongly dependent on the metasurface-to-mirror spac-
ing and reduces to few % for wavelengths corresponding
approximately to multiples of λ/2. The small residual
reflectivity and 10s-of-nm deviations in the spectral po-
sition of the absorption minima result from (i) the meta-
surface not being perfectly planar due to having a finite
thickness of 50 nm (t ' r+1) and (ii) the gold mirror not
being an ideal mirror due to small absorption losses and
slight deviations from reflection with a pi phase change
(m ' −1). For intermediate spacings, the metasurface’s
resonant modes are excited (compare Figs. 2c and 3) and
the strength of the metasurface excitation is controlled by
the distance d that determines the interference of incident
and (multiply) reflected waves on the metasurface. Con-
structive interference results in stronger excitation and
higher levels of absorption (> 99% for selected wave-
lengths) than for the metasurface without the backing
mirror, compare with Fig. 2a. Destructive interference
suppresses metasurface excitation resulting in negligible
absorption as discussed above. We note that absorp-
tion as a function of the metasurface-to-mirror spacing
is generally periodic with period λ/2 (provided that d is
small compared to the coherence length of the illuminat-
ing light), however, some deviations due to near-field in-
teractions between metasurface and mirror are observed
for small gaps d approaching 200 nm.
Fig. 4a,b shows the absorption spectrum of the metade-
vice as a function of the metasurface-to-mirror spacing
d, where panel (a) shows results for numerical modelling
of the entire metadevice, while panel (b) shows semi-
analytical results based on equation (1), where the meta-
surface properties, r and t, were determined separately by
numerical modelling and the reflectivity of the gold mir-
ror m was calculated using the Fresnel equations. The
results are almost indistinguishable and they reveal that
the metadevice’s absorption can be strongly modulated
in wide spectral bands around the metasurface’s reso-
nances I-IV (see Fig. 3). These bands of operation are
separated by the metasurface’s transmission minima at
700, 885 and 1455 nm (compare to Fig. 2a) and the ab-
sorption wavelength can be moved continuously across
each band by adjusting the metasurface-to-mirror spac-
ing, resulting in a wavelength-tuneable metadevice. No-
tably, the bands of operation include the red part of the
visible spectrum and the main telecommunications bands
around 1310 nm and 1550 nm wavelength. The absence
of absorption when the metasurface-to-mirror spacing co-
incides with a multiple of λ/2 corresponds to the straight
dark bands across the colormaps.
Fig. 4c-e illustrates based on equation (2) how
the metadevice absorption depends on the metasur-
face’s complex scattering coefficient r for characteris-
tic metasurface-to-mirror spacings d. As should be ex-
pected, absorption vanishes for lossless metasurfaces,
which satisfy |r+0.5| = 0.5, and, as shown above, absorp-
tion vanishes for d = λ/2 regardless of the metasurface’s
scattering coefficient. For lossy metasurfaces, the depen-
dence of absorption on d is symmetric for real scattering
coefficients (as in Fig. 3 I, II) and asymmetric for complex
scattering coefficients (as in Fig. 3 III, IV).
As indicated on Fig. 1a, actuation of individual meta-
material strips can be driven by electrostatic forces re-
sulting from grounding the mirror and application of an
electric potential to an individual nanowire as in com-
mercial grating light valves [49, 50]. In-plane strip de-
formation can be neglected as the strips deform about
100× more easily towards the mirror than towards their
neighbours due to their perforated center and their
width/thickness aspect ratio of 8 (ref. 51). Spatial inten-
sity modulation results from positioning different metas-
trips at different distances from the mirror. This is illus-
trated by Fig. 5 for a metastrip configuration that cor-
responds to a Fresnel zone plate operating at λ=785 nm
wavelength. The zone plate consists of reflective and ab-
sorbing areas arranged in such a way that all scattered
fields will constructively interfere at the intended focus as
illustrated by panel (a). Here, the zone plate is realised
by placing the metastrips at positions of either negligi-
ble (d = 370 nm) or almost complete (d = 560 nm)
absorption as shown. In order to achieve a line focus
2 µm above the metadevice, light scattered by the reflec-
tive areas must constructively interfere on the focal line.
Therefore, all strips for which the strip-to-focus optical
path length pi satisfies 0 ≤ pi/λ − Ni − C < 0.5, where
Ni is an integer and C = 0.6 is an arbitrarily chosen
real number, were set to the reflective position, while all
other strips were set to the absorbing position. The sim-
ulations show that coupling between neighboring strips
is sufficiently small to allow weak excitation of strips at
d = 370 nm and strong excitation of strips at d = 560 nm
even in the most extreme case when these reflective and
absorbing strips alternate, see panel (b). The same panel
also shows the complex pattern of standing waves that
forms above the actuated metadevice due to interference
5FIG. 5: Fresnel zone plate application of a metadevice with 12 metastrips operating at λ = 785 nm wavelength. (a) Basic
operating principle of the zone plate: all reflective areas are sources of scattered fields, which interfere constructively at the focal
spot. (b,c) A focal spot at a distance of 2 µm results from metastrip-to-mirror spacings of d = 370 nm (negligible absorption)
and 560 nm (perfect absorption) as shown. The colour maps show (b) the total electric field amplitude |E| and (c) the square
of the reflected electric field’s amplitude |Er|2 normalised to the incident wave E0.
6of incident and scattered fields. Panel (c) shows the focal
spot that forms 2 µm above the metadevice in its Fresnel
zone plate configuration due to constructive interference
of the fields scattered by the weakly absorbing strips.
Regarding the experimental feasibility of the metade-
vice, actuation of metastrips of similar complexity and
characteristic dimensions has already been demonstrated
[46]. Metastrips will generally be fixed at both ends
and therefore voltage application will result in metastrip
bending towards the ground plane, where only the mid-
dle section of each strip will achieve the desired displace-
ment. The size of this optically useful middle section of
the metastrips scales with the overall strip length and it
can be enlarged by making the end sections of the strips
more elastic (e.g. thinner). Permanent metastrip defor-
mation was not found to be a major issue in prior work
and could be addressed by adding an elastic dielectric
supporting layer (e.g. silicon or silicon nitride). However,
we note that electrostatic forces will overcome the elastic
restoring force of the metastrips when the metastrip-to-
mirror spacing is reduced to approximately half of its
original size [29]. In order to achieve reliable electro-
static operation without such accidental switching of the
device, metastrips should only be displaced by signifi-
cantly less than half of their original distance from the
ground plane. Slight differences in response and rest po-
sition of different metastrips could arise from fabrication
imperfections, but could be offset using adjusted actua-
tion voltages after device calibration. Achievable modu-
lation rates of metastrips are limited by their mechani-
cal resonances and the associated resonance frequencies
scale inversely proportional to the square of the metas-
trip length. Typical metastrips of 10s of µm length have
mechanical resonances at 100s of kHz to MHz and could
have actuation voltages of several V if placed 100s of nm
away from a ground plane [29, 32, 46].
Conclusion
In summary, we demonstrate that nanoscale actua-
tion of metamaterial strips placed at a nanoscale distance
from a mirror could be the basis for a spatial light mod-
ulator with sub-wavelength spatial resolution in one di-
mension and — in principle — unlimited optical contrast
resulting from complete reflection and coherent perfect
absorption. We argue that recent breakthroughs in re-
configurable nanomembrane metamaterials and coherent
all-optical control of metasurfaces make such a device a
realistic proposition. Potential application areas of such
metadevices include dynamic diffraction, focusing and at-
tenuation of light as well as holography.
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